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Abstract. By the use of suitable chemical and radiometric techniques the natural radio-
carbon concentration in the dissolved bicarbonate of 135 samples representing the major water
masses of the Atlantic Ocean has been determined with a precision ranging from 0.5 to 1.3
pet cent. Whereas the results from a given water mass exhibit a standard deviation only
slightly exceeding that predicted from the experimental error alone, measurable differences
exist between the major water masses, the total range in C*/C* ratio being about 10 per cent.
Corrections for the bomb-produced C* effect and the industrial CO, effect have been applied
where necessary.

The surface water C*/C" ratios show a progressive increase from south to north, ranging
from 120 per mil lower than the preindustrial atmospheric value in the Antarctic to 50 per
mil lower in the North Atlantic. Deep water masses originating in the high latitudes of the
southern hemisphere have consistently lower C*/C* ratios than those originating in the high
latitudes of the northern hemisphere. A layer of water of high C*/C* ratio found at depths
between 1200 and 2400 meters in the western North Atlantic may well represent a wedge of
young water penetrating the older North Atlantic deep water. Bottom water in the eastern
basin of the North Atlantic has a 20 per mil lower C*/C" ratio than the corresponding water
in the western basin.

According to a steady-state circulation model, most of the water below 600 meters in the
North Atlantic remains at depth for an average of 650 years. Corresponding residence times
for water masses of Antarctic origin are less than 350 years.

A circulation model explaining the prominent features of the C* distributions in the atmos-
phere-ocean system is based on & south to north transport of water along the surface of the
Atlantic Ocean, with a return flow at depth. The Atlantic and Pacific communicate through
the Antarctic. On the basis of this model, despite the lower AC* values, the mean residence
times of water in the deep reservoirs of the Pacific may not exceed those for the deep Atlantic
by more than 30 per cent.

Although results of C* analyses on tree rings suggest that the oceans are reasonably close to
steady state, the possibility of nonsteady-state circulation must be considered. It is shown
that the present C* distribution in the oceans could be achieved through the storage of C*
in the atmosphere and surface oceans during a relatively short period of greatly restricted
bottom water formation. If nonequilibrium effects are important the residence times com-
puted from the steady-state model could be considerably in error.

SEPTEMBER 1960

Introduction. The absolute rate of overturn
of waters in the deep ocean is of considergble
interest mot only to the oceanographer but also
to those engaged in other branches of earth
science. For example, because of the large heat
capacity of the deep sea, its rate of interaction
with the surface ocean and atmosphere is of
major interest to the meteorologist and the
climatologist. The biologist interested in the
cycle of nutrients in the ocean also needs esti-
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mates of residence times in the deep sea. More
recently those concerned with the problem of
radioactivity produced by bombs and reactors
have looked to the oceans as a diluent for these
products. Again, mixing rates are of prime im-
portance.

Although considerable progress has been made
in understanding the patterns and rates of mix-
ing in the oceans by traditional studies of den-
sity distribution, the problem is an exceedingly
complex one, requiring as many independent
approaches as possible. One such approach, the
study of the distribution of C* in the oceans,
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was first applied in 1950 by Ewing and Kulp.
The original C* measurements reported by
Kulp, Tryon, Eckelmann, and Snell [1952] were
later found to be somewhat in error owing to
contamination in the ascarite absorbent used in
shipboard processing and to the inherent prob-
lems of the black carbon assay system. These
results, however, showed that the residence time
for deep waters in the Atlantic Ocean wag less
than 2000 years. In 1955 the present study was
initiated at Lamont. A new water processing
system and the more precise gas counting assay
technique [Broecker, Tucek, and Olson, 1959]
were used. Preliminary results of this investiga-
tion have been given by Broecker [1957] and
Broecker, Ewing, Gerard, Heezen, and Kulp
[1958]. Other laboratories are also currently
carrying out similar studies. Results of these
investigations have been published by Rafter
[1955], Rafter and Fergusson [1958], Brodie
and Burling [1958], Garner [1958], Rubin and
Alexander [1958], Fonselius and Ostlund [1959],
and Suess, Rakestraw, and Oeschger [1959]. The
work reported here was carried out as a joint
project between the geophysics and geochemis-
try groups at Lamont, the former being respon-
gible for the design of the water sampler and
the collection and shipboard chemical process-
ing of the water samples and the latter for the
design of the shipboard processing system and
the laboratory analysis of samples.

The objeet of the present research was to de-
termine the geographic and depth variation in
the Atlantic Ocean of the ratio of C* (a radio-
active isotope of 5570 years half-life), to C*
(the most abundant stable isotope of carbon).
If it is assumed that factors other than the ra-
dioactive decay producing these variations could
be recognized and accounted for, then the resid-
ual differences should be related to mixing rates.

Exzperimental techniques. The procedures for
sampling sea water for C* have been designed
to collect large-volume samples from accurately
known depths in the ocean, to extract the inor-
ganic carbon in the form of CO;, and to return
that portion, free from contamination, to the
laboratory for C*/C* measurements.

The total concentration of inorganic CO, in
all forms in ocean water is about 0.025 grams of
carbon per liter [Sverdrup, Johnson, and Flem-
ing, 1942]. The volume of the Lamont counters
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for measuring C* content is 5 liters. Five grams
of carbon in form of CO. gas is required to
produce 2 atmospheres of pressure in the count-
ers. On the basis of this requirement, 2 minimum
of 200 liters of sea water is needed for each
sample. During the period 1955-1959 400-liter
samples were collected to allow for variations in
the efficiency of the recovery system. Currently,
a 220 liter sampler is sufficient because of im-
provements in recovery techniques.

Both types of sampler were designed to be
lowered into the ocean by a winch using ¥5-inch
wire rope to which the sampler is securely at-
tached. The lowering is accomplished with a
1500-pound piston-coring device fixed to the
wire rope below the water sampler as a weight.
The earlier 400-liter sampler consisted of a rigid
steel barrel with two round, 10-inch-diameter
ports at the top fitted with hinged doors which
opened and closed in unison. As the sampler
was lowered through the water a hood-like baffle
directed the flow of water into one of the open
ports while a partition inside the sampler fur-
ther directed the flow to the bottom of the
barrel, from whence the water moved up and
out of the other open port. Dye experiments
have shown that, with this method of flushing,
less than 0.1 per cent of an original water vol-
ume remains in the sampler after it is lowered
100 meters. The same principle is used in the
present sampler (Fig. 1) but it has only one
door which when open divides the single port in
two and when closed seals the port with an O-
ring seal.

When the sampler is lowered to the desired
depth, a ‘messenger’ in the form of a 5-pound
weight is dropped down the wire from the sur-
face. The messenger strikes a release on the
sampler which closes the doors. In order to in-
teppret the results with respect to water masses
in the ocean, precise knowledge of depth of
sampling i necessary. To afford additional con-
trol to that provided by length and angle of
wire and by sounding, protected and unprotected
reversing thermometers are used inside the bar-
rel. When the door closes, the thermometers re-
verse, thereby indicating the depth and temper-
ature of the sample. A small Bourdon-tube
recorder ie also used to indicate the depth of
closing of the sampler door.

When the sampler is brought up to the sur-
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Fig. 1. Idealized diagram of 220-liter water
sampler presently in use. The drawing on the left
shows the open position. Arm A is the trigger arm
which releases the closing mechanism. Hood B di-
rects the flow of water into the barrel while lower-~
ing. The drawing on the right shows the sampler
in closed position. Round plastic door C has an
“O” ring seal and closes when messenger strikes
trigger arm A. Partition D channels water to bot-
tom of sampler to aid circulation while lowering.

face, samples are taken for determination of
salinity and dissolved oxygen. A submersible
pump is then placed in the bottom of the barrel
and the water is pumped through a hose to a
plastic deck tank where processing for removal
of CO; is carried out.

The water in the processing tank is acidified
with H,S0;, and bubbled in a closed system with
CO.-free air or tank N,. In the present system,
greater CO, recovery is achieved by using a
pump to circulate the water within the tank and
to spray it into the gas phase. The CO, released
to the gas phase is absorbed in 5N KOH held in
two 1-liter bubblers operated in series. Recovery
of 70 per cent of the CO, from a 220-liter sam-
ple now takes about 3 hours. The recovery is
monitored by means of a titration technique.
The KOH is returned to the laboratory, where
it is acidified again and the CO. is released. The
CO, is purified by absorption and desorption
from CaO contained in quartz tubes and is then
assayed for radioactivity in a 5-liter propor-
tional counter. The precision of the C* assay
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ranges from 0.5 to 1.0 per cent, except in some
of the early measurements in which the errors
ranged up to 1.5 per cent. The ratio of stable
C® to C” in the purified CO, gas is determined
with a precision of 0.1 per cent using a model
201 Consolidated Electrodynamics double-col-
lecting mass spectrometer. The details of this
procedure have been published separately
[Broecker, Tucek, and Olson, 1959].

The results (Table 1) are ultimately ex-
pressed as per mil differences from a standard;
the exact expression is

A--nmple’|= — 0-950Astnndardo
0-950A-tnndu'do

where Asumpi.* is the net C“ activity of the
sample corrected for radioactive decay between
the time of collection (or formation, in the case
of tree ring samples) and measurement and
A ¢inanra® is the net C* activity of the National
Bureau of Standards oxalic acid standard cor-
rected for radioactive decay between January 1,
1958, and the time of measurement. The factor
0.950 is a defined constant introduced to place
the zero on the 8C" scale close to the value of
19th century wood samples. In order to elimi-
nate differences introduced by fractionation, the
results are normalized to a common C*/C*
ratio. The normalization equation is

st = X 1000

ACI4 —_ 6014
— 2 8C"(1 + (8C**/1000)) — 50.0

where 8C" is defined as above and
8013 — anple — Rbelemnite standard X 1000

Rbelemni te standard

where R stands for C**/C® ratio. The constant
factor (—50.0) is introduced in order to place
the zero on the scale at a convenient point (the
C*/C* ratio corrected in age to pre-1900 wood
samples).

The normalization of the results to a com-
mon 3C™ value is of considerable convenience.
Not only does it remove differences introduced
by fractionation during chemical processing but
it also allows results from various materials
(ie., atmospheric CO., ocean HCO;,", and or-
ganic materials) to be directly compared as if
they had formed within a system free of isotope
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fractionation effects. (See Broecker and Olson
[1959] for a more complete discussion of the
derivation of the above scale and of its use.)

The §C* results show a considerable scatter
around the rather uniform value of about —2
per mil found for ocean water by several other
workers. Much of this scatter is the result of
poor gas dispersion with consequent lowering of
the efficiency of CO. recovery in some of the
KOH bubblers used in shipboard processing. As
shown by Craig [1953], during uptake by basic
solutions the lighter isotopes are more efficiently
captured by the solution. Of the samples re-
ported in this paper those showing poor chemi-
cal yield are the ones for which large negative
8C* values were observed. In general a rather
consistent relationship between §C* and yield is
apparent. For 30 of the 135 analyses reported,
no 8C™ values are available. In these cases val-
ues have been estimated from yield data and
from 8C™ results on other samples from the
same cruise. The errors on the AC* values com-
puted have been increased in order to cover the
uncertainty in these estimates. Since the C“
fractionation will always be twice the C* frac-
tionation, no significant error is introduced in
cases where mass-spectrometer measurements
are available.

Results. Since 1955, radiocarbon measure-
ments have been made on over 130 sea water
samples collected by Lamont workers aboard the
research vessel Vema in the North and South
Atlantic oceans. The results of these measure-
ments are given in Table 1.

On the basis of the findings of numerous
oceanographiec surveys over the past 35 years,
beginning with the Meteor expedition, the At-
lantic has become the best known of the world’s
oceans. The broad features of the distribution
of water masses and the general circulation of
the North and South Atlantic have been sum-
marized by Sverdrup, Johnson, and Fleming
[1942] and Sverdrup [1954]. These features,
based on the observed distribution of conserva-
tive properties, allow the vertical and areal ex-
tent of the different water masses, their surface
sources, and some of their mixing characteristics
to be defined.

The major water masses described in these
studies of the Atlantic may be listed as follows:

North Atlantic Central Water (NACW ). This
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water mass lies beneath the surface mixed layer
in the central North Atlantic between the depths
of 100 and 700 meters. Characterized by rela-
tively high temperature and salinity, it lies
within the great gyre of surface circulation
bounded on the west by the Gulf Stream, on
the north by the North Atlantic Current, on
the east by the Canary Current, and on the
south by the North Equatorial Current. The
boundaries of this mass lie between tempera-
tures of 8°C and 19°C and salinities of 35.1 per
mil to 36.7 per mil. Unlike the deeper masses,
rather steep temperature and salinity gradients
exist between the top and bottom of the mass,
suggesting an origin through the mixing of a
warm and a cold water mass of different salinity.
Whether this mixing occurs at the source or at
depth is not known; the resultant gradient could
be explained equally well by either process.

South Atlantic Central Water (SACW ). This
water mass is the southern-hemisphere counter-
part of the NACW, although somewhat shal-
lower in vertical extent, lying between 100 and
600 meters. The water has a vertical decrease in
temperature ranging from 6° to 18°C and in
salinity from 34.5 to 36.0 per mil. This water
outcrops at the surface in a zone known as the
Subtropical Convergence, extending along lati-
tude 40°S, and can be traced at depth through-
out the South Atlantic to the equator.

Antarctic Intermediate Water (AAIW ). Water
of this description is thought to form along a
conspicuous circumpolar belt (in the southern
ocean) known as the Antarctic Convergence. In
the South Atlantic this convergence lies along
latitude 50°S. Here water of ~3°C temperature
and salinity of ~384 per mil sinks and moves
northward at depths centered at 700 to 800
meters. This water can easily be identified as to
origin, having a lower salinity than surrounding
waters. As it moves northward it mixes with
waters above and below, gradually attaining
higher temperature and salinity. Traces of
AAIW can be observed in the western North
Atlantic as far north as 30°N.

Antarctic Bottom Water (AABW). Water
formed in the Weddell Sea area of the Antarctic
has the highest density of all ocean water. This
water can be traced in the western basin of the
Atlantic beginning at a temperature of about
0°C and a salinity of 36.65 per mil in the
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NATURAL RADIOCARBON IN THE ATLANTIC OCEAN
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southern latitudes and gradually becoming
warmer and more saline as it mixes with over-
lying water and moves northward. Traces of
this water, highly diluted, can be observed as
far as 35°N in the western North Atlantic. Be-
cause this water mass lies along the ocean bot-
tom its thickness is highly variable, depending
upon the bottom topography. Its upper limits
extend to about 3600 meters at 40°S, dropping
to 4500 meters at 25°N. Small amounts of
AABW are believed to enter the eastern At-
lantic basin through deep gaps in the Mid-
Atlantic Ridge located at the equator and at
10°N.

North Atlantic Deep Water (NADW ). This
water mass is the most extensive in the Atlantie
and is thought to form at the surface in the
region of southern Greenland. In this area cool
waters from the north mix with Atlantic surface
water of higher salinity to form a mixture hav-
ing a temperature of approximately 2.5°C and
a salinity of 34.9 per mil. This water sinks and
moves southward to occupy the depths between
1500 and 4000 meters throughout the Atlantic
extending nearly to the Antarctic region.

The samples included in the present survey
were collected as nearly as possible from regions
where useful correlations with present water-
mass concepts could be made. Where possible,
independent hydrographic measurements were
made to establish a firm relationship between
the water sampled with the large-volume sam-
pler and the water masses in the area. In three
cases where depth control is considered inade-
quate, the results have not been used. The
meagurements presented apply to samples that
have a maximum estimated depth error of +50
meters. This depth uncertainty is in no way
critical to the conclusions based on these data.

The locations of the surface water samples
measured as part of this study are shown in
Figure 2. The first number beside each sample
location is the chart index number from Table 1
and the second number indicates the AC* value.
Major currents together with directional arrows
are shown in a highly generalized fashion.

The most striking feature in the pattern of
surface sample results is the systematic change
from lower to higher C*/C* ratios in the sam-
ples taken from the Antarctic northward. The
effect appears to continue farther north than is

?
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indicated by the samples on this chart, the re-
sults of Fonselius and ‘Ostlund [1959] for sam-
ples from between 60° and 80°N averaging
—35 per mil.

The one sample (No. 51) taken south of the
Antaretic Convergence yielded the lowest C*/
C" ratio of all surface samples. This finding is
consistent with that of Burling and Garner [in
press], who report that the lowest surface C*
activities were found in samples from south of
the Antarctic Convergence in the region adja-
cent to New Zealand. The explanation here is
the same as that for the South Pacific samples.
Deep water which rises to the surface in the
circumpolar region south of the Antarctic Con-
vergence is returned to depth before its C*
content can reach equilibrium with the atmos-
phere.

The average AC* value for 16 South Atlantic
surface samples (excluding the Antaretic and
Falkland Current samples) is —57 per mil. Al-
though variations exist they show no systematic
pattern. The Falkland Current appears to bring
water of low C*/C* ratio northward from the
Drake Passage. The southward-fowing Brazil
Current water has a considerably higher C*/
C" ratio. Where the two meet and move east-
ward as the Brazil Current Extension the C*
content appears to have an intermediate value.
It is tempting to assign some significance to the
apparent lowering of the surface C* values from
west to east across the Benguela Current in the
region near South Africa. It is known that ex-
tensive upwelling of deeper water occurs on the
coastal side of the current. Whereas the radio-
carbon data are consistent with this cireulation
pattern the samples are too few and the differ-
ences too small to justify any independent con-
clusions.

The average of 18 samples from the surface
North Atlantic is —49 per mil, a difference of 8
per mil from the South Atlantic surface water
average. The Caribbean has a value (based on
ten measurements) intermediate between the
two. This is to be expected, since it receives
water from both North and South Atlantic
mixed layers. Among the samples shown for the
North Atlantic there is no apparent correlation
of AC* values with local hydrographie features.

The locations of subsurface samples measured
as part of this study are shown in Figure 3.
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Fig. 2. Locations of surface water samples. The first number beside each dot is the index number and
the second the AC* value. The arrows show the pattern of surface water movement.
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2915

NATURAL RADIOCARBON IN THE ATLANTIC OCEAN

"¢ mMBL{ ur usA1S 61 o[y
-0Id 3Y) Jo WOIBIO[ @Y, ‘SN[EA , IV 9Y) PU0IIE 8Y} PuU® Joquunu xoput sjdwes oy ST j0p o989 8pIEs( JOqUUNU JSIY S J, "U83D() SJUE[}Y 9Y)} JO (I39MO])
ulseq UIysed puw (roddn) uiseq uejsem 8Yyy ySnoryy so[goid INOs-YjIou 0ju0 pajodfold so[dures I9jEM UBIIO aoBpINegNS JO SUOIIBIOT § 3L

JANVTLY T SITIINVS NOGHVIOIGVY

0009
A0
o = 000§
o
-2 coow m
" o
aahﬂ. —‘91 2 -
u . : , 000¢ 3
- o MAavN 2
W = . - 0002
L Enn,..v..o ' -..o.o . o 4.,”..-“,»-
Mmvy— — o " - S 0001
u-..i.o.aaf oow“.fa o W - . o o a.->
a 99 0s or 3 o2 0/ 0 o o2 0f or os 09 2
DILNVILY M SITINVS NOGHVIOIOVY
i 0009
- o5 \ ﬂe”‘ae/ Y
- uuw ¥ B “W.a a-o«oo.-w...w“. . 000S -
oo.e, m
— et 000y 7
m
1
IR o - ooog ®
= — T 0002
MIVY —et— 0001
-«w * A g
T U T T T T
oS op os oz ol o9
F i oe v

#pNINDT Yinog SPNINDT  YidoN



2916

Their depth distribution is illustrated on two
longitudinal cross sections in Figure 4; one
drawn through the eastern and one through the
western trough of the Atlantic Ocean. Table 5
gives average AC* values for the results from
the various types of water.

In the North Atlantic between 15° and 30°N
and at a depth between 200 and 400 meters
three measurements were made, the C* values
averaging —71 per mil. This average, which
should be representative of the NACW, is sig-
nificantly lower than that for the overlying
surface water and higher than that for the
underlying water.

Eight samples in the North Atlantic from a
depth of 800 to 1100 meters average —99 per
mil. These samples probably consist of a mixture
of AATW with water of higher temperature and
salinity from the North Atlantic and the Medi-
terranean, the percentage of the latter two
increasing northward. Such a distribution is
supported by the C* values which show a north-
ward increase in C*/C" ratio. At this same level
at 38°N a much higher C*/C* ratio was ob-
tained (sample 64, AC* = —39 per mil), which
suggests not only that the AATW has ceased to
be an influence but also that water which might
be defined as Arctic Intermediate Water is
present. .

In the western Atlantic between 10° and
40°N and from 1200 to 2400 meters in depth
the C* average for a group of eight samples is
—72 per mil. This group appears to represent a
C" maximum level, perhaps being fed by eddy
currents emanating from the western boundary
current, [Wiist, 1935; Stommel, 1958; Swallow
and Worthington, 1957].

In the eastern North Atlantic and in the
equatorial region of the western Atlantic, sam-
ples from the same depth as the maximum C“
layer yield C*/C*" ratios identical with those of
the North Atlantic Deep Water. It is possible
that these areas lie beyond the influence of the
boundary current.

Fifteen samples from the core of the NADW
in both basins average —105 per mil. No trend
with latitude is apparent. Whereas the values
for the lower Deep Water in the western trough
agree with those for the overlying core water,
the lower Deep Water in the eastern trough has
a 27 per mil lower average than the average for

BROECKER, GERARD, EWING, AND HEEZEN

the overlying water. Although this difference
suggests a longer residence time for water in the
castern bagin, it is possible that it represents, at
least in part, contamination by water of Antare-
tic origin.

The South Atlantic samples corresponding to
the Central Water mass (57, 58, 60 to 63) have
C*/C™ ratios about 10 per mil higher than the
corresponding NACW and 5 per mil lower than
the overlying surface water.

The Antarctic Intermediate Water in the
South Atlantic is characterized by a relatively
low C*/C" ratio. Six samples between the equa-
tor and 40°S average —118 per mil.

Samples from 20° to 40°S (97 to 99) at
depths between 1500 and 2200 meters show a
significantly lower C“/C" ratio than is found
farther north at similar depths. Because of the
significantly lower salinities, this appears to be
the result of mixing with lower-activity Antare-
tic water rather than of a longer residence time.

Antarctic Bottom Water of nearly pure type
has been sampled in three places (135 to 137)
in the southwestern Atlantic. Its average C*
value of —144 per mil is the lowest found thus
far in the Atlantic Ocean.

The radiocarbon results on a total of 78 sub-
surface samples from the Atlantic suggest that
samples taken within the core of a single water
mass (as defined in oceanographic terms) show
a standard deviation in AC* value only slightly
exceeding the measurement error. Since signifi-
cant differences exist between the various
masses, it would appear that circulation within
a water mass is relatively rapid with respect to
the residence time of water particles in the
mass.

Discussion. In order to obtain absolute mixing
rate estimates from the radiocarbon data a
model of the operation of the oceans must be
set up on the basis of existing oceanographic
data. The resulting rates will be only as good as
the model. In order to demonstrate the impor-
tance of the type of model adopted, two quite
different sets of assumptions will be examined.
In the first case the oceans are assumed to be
at steady state (that is, the temperature, salin-
ity, C*/C” ratio, ete.,, for any point in the
ocean remains constant with time). The second
model involves periods of rapid oceani¢ mixing .
separated in time by periods during which mix-
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Fig. 5. Variation in the AC* value for atmospheric CO; over the last century. The decrease begin-
ning in about 1900 is the result of the addition of industrial CQs, and the rise beginning in 1954 is the

result of C* produced during nuclear tests.

ing is greatly restricted. In this case the prop-
erties characterizing any unit of volume in the
ocean will change with time.

Steady-state models. Numerous investigators
have shown that the C* concentration in the
atmosphere and surface water is presently not
at steady state as the result of industrial CO,
and bomb-produced C“. If calculations based
on steady-state assumptions are to be made, it
is necessary to determine what the concentra-
tions of C* in the samples measured would have
been if the system had not been contaminated.

The correction for bomb-produced C* is ac-
complished as follows. Measurements of the C*
concentration in atmospheric CO. and in vege-
tation define the rise in the C*/C* ratio for the
tropospheric reservoir (see Fig. 5). Using the
steady-state model described below it is possible
by successive approximation to estimate how
much bomb-produced C* was present in surface
ocean water at any given time. Such calcula-
tions indicate that samples collected before 1956
should contain negligible bomb-produced C*.
The results for such samples are given in Table
2, column 3, averaged on a geographical basis.
A correction based on the model calculation has
been made for each sample collected after 1956.
The corrected averages for these samples are

given in column 4. Estimates of the prebomb
concentrations based on results from samples
taken both before and after January 1, 1956,
are given in column 5. The C* results of Rafter
and Fergusson [1958] for the western South Pa-
cific surface water and of Fonselius and Ostlund
[1959] for the northern North Atlantic surface
water have been treated in the same manner
and are included for reference. These results
should be strictly comparable, since interlabora-
tory calibrations have been carried out in each
case (Table 3). Since the differences between
the corrected (column 5) and uncorrected (col-
umn 2) averages are in all cases less than 1 per
cent, the uncertainty in the corrections intro-
duces no significant error into the calculations
which follow. No correction has been made for
samples from the deep water masses, as the
model indicates that the amount of bomb-pro-
duced C* added to these reservoirs would be
negligible compared with that already present.
For a more complete discussion of the quantity
and distribution of bomb-produced C" see
Broecker and Walton [1959a] and Broecker and
Olson [in press].

Suess [1955], Hayes, Anderson, and Arnold
[1955], Brannon, Daughtry, Perry, Whitaker,
and Williams [1957], Fergusson [1958], and
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NATURATL RADIOCARBON IN THE ATLANTIC OCEAN

TABLE 3. Interlaboratory Calibration (The re-

gults are given on the AC scale as per mil difference

from 0.950 the activity of the N.B.S. oxalic acid

reference standard used as a primary standard by
all three laboratories. )*

New
Zealand

Stock-

Lamont holm

Lamont wood
standard
(1890 oak)

New Zealand wood
standard (con-
temporary
pine) —18+ 6

Stockholm wood 81+ 6
standard (1850 oak)

—6 & 5t

* The following relationships have been used to
convert the data on ocean water samples given by
Rafter and Fergusson [1958] and Fonselius and
Ostlund [1959] to the AC! scale.

AC* = 10R + 6.0
9%, C4 enrichment
ACH = 10 I:W.R.T. N.Z. wood] — 66.0
standard
(New Zealand results)

+ This result supersedes that of 0 - 5 published
by Broecker and Olson [1959]. The change is the
result of further comparison measurements.

(Stockholm results)

Munnich and Vogel [1958] have published data
relating to the decrease in the atmospheric C*/
C* ratio as the result of the consumption of fos-
sil fuels. The combined results suggest a 25 =
10 per mil reduction in the average atmospheric
C*/C" ratio between 1855 and 1955. Measure-
ments of comparable accuracy are not available
for the surface oceans. Again the steady-state
model discussed below has been used to estimate
the magnitude of the oceanic reduction. Such
calculations suggest that the reduction in the
C*/C* ratio in the surface 100 meters of the
Atlantic and Pacific oceans should be 0.67 of
that for the atmosphere. A value of 040 = .20
of the atmospheric reduction is estimated for
the vertically mixed regions at the northern and
southern extremes of the ocean. The preindus-
trial-revolution AC* values estimated for vari-
ous areas on this basis are listed in Table 4.
Assuming that the entire surface of the Pacific
and Indian Oceans has AC" values averaging
close to those of Rafter and Fergusson [1958]

2019

for the southwestern Pacific, a world-average
AC™ value has been computed for surface ocean
water in 1955 and in 1855. Again, for the deep
water masses the reduction in the C*/C™ ratio
as a result of equilibration with ‘fossil’ CO,+can
be considered negligible in most cases.

Estimates of the mean residence times of
water molecules in the subsurface water masses
of the Atlantic Ocean can easily be made if the
following assumptions are valid: (1) circulation
in the oceans is at steady state; (2) the cor-
rected AC* value for surface water in the con-
vergence (the area considered on the basis of
oceanographic evidence to be the source region
for a given subsurface water mass) characterizes
the ‘new’ water continually being added to the
mass; (3) mixing between adjacent subsurface
water masses does not measurably alter their re-
spective C*/C* ratios; (4) CO, supplied to a
subsurface mass through solution of carbonate
sediment and through the oxidation of organic
material does not measurably alter the C*/C*
ratio of the CO; initially present in the mass. In
this case, in the age range of 0 to 1000 years,

Ta = 8.04[(AC“.‘,,¢.°. — ACH 4

(ACM’aurhee _
2000

AC“‘M)]
yr

where 74 is the mean residence time of H.O
molecules within a given water mass (in other
words, the time required for a volume of water
equal to that contained in the deep water mass
to be supplied from the surface source region).

The results of computations made on this
basis for the various subsurface water masses of
the Atlantic Ocean are given in Table 5. The
locations of the source areas for the individual
water masses are those given in Sverdrup, John-
son, and Fleming [1942]. The errors quoted are
based on the uncertainty in the measurement
averages only and hence do not include the un-
certainty in the assumptions upon which the
calculations are based.

The results suggest the following conclusions:

1. Water masses originating in the Antarctic
are in general characterized by shorter residence
times than those originating in the high lati-
tudes of the North Atlantic.
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TABLE 4. Correction for Industrial CO; Effect in Surface Oceans
Average ACH Estimated ACH Average ACH
Surface Oceans  Fraction Atmospheric  Reduction from  Surface Oceans
1955 Industrial CO, Effect  Industrial CO.* 1855
* (see Table 2), (based on model (1855 to 1955), (calculated),
Geographic Location %o calculations) %o %o
North Atlantic
60°-80°N —38 4+ 4 .40 + .20 10 4- 8 —-284+9
North Atlantic
15°-40°N -524+ 2 .67 £ .15 17 £ 7 -3547
Caribbean Sea —-56 + 3 .67 £ .15 177 -394+ 8
South Atlantic
0°-40°8 —63 £ 3 .67 % .15 17+ 7 —46 + 8
Falkland Current —80 + 4 .40 + .15 104+ 8 70+ 9
Antaretic <3°C —123 + 6 .40 = .25 10 £ 8 —113 4 10
South Pacific
15°-42°8 —49 4 2 .67 & .15 17+ 7 -324+7
Average surface ocean —58 & 10 .60 % .15 15+ 8 —43 4+ 13

* Assumes industrial CO; effect in atmosphere of —25 £ 10 per mil in 1955,

2. Except for the NACW and for the wedge
of water lying at depths between 1200 and 2400
meters in the western North Atlantic, most of
the subsurface water of North Atlantic origin
appears to be at least 600 years ‘old.’

3. Whereas the deepest waters in the west-
ern basin of the North Atlantic have the same
residence time as the overlying water, the water
below 4000 meters in the eastern basin appears
to have a significantly higher residence time
(900 years as opposed to ~ 650 years).

4. Samples from the SACW appear to have
AC™ values nearly identical to those for surface
water samples taken in the outerop area of the
water mass. This suggests that the water is in
fairly rapid communication with the surface.
The decrease in AC* toward the bottom of the
mass may be the result of mixing with the low-
C“ water of the AAIW mass either at depth or
in the outcrop region. In this case, the added
uncertainty in the relative correction for the in-
dustrial effect for the surface and subsurface
masses becomes important, yielding a possible
range of apparent ages from 0 to 200 years.

Of the four assumptions on which these resi-
dence times are based only the fourth can be
adequately verified. The amount of CO, added
to the subsurface water masses of the Atlantie

through oxidation of organic material does not
exceed 10 per cent of the CO, initially present.’
If the oxidized organic material were carried
along with the surface water entering the mass,
it would probably have the same AC* value
a8 the water and hence would have no effect. If,'
on the other hand, the organic material settled
downward rapidly from the surface water, the
CO, produced by oxidation would have a AC*
value significantly higher than that of the deep
water to which it was added—as much as 30
per mil in the North Atlantic and 80 per mil in
the South Atlantic, assuming that oxygen is be-
ing consumed at a linear rate. The maximum
for the South Atlantic exceeds that for the
North Atlantic because of the shorter residence
times and the greater surface-depth contrast in
AC" in the South Atlantic. Thus for the worst
case (that is, if all the organic material oxidized
in a deep water mass has the AC* of the over-
lying surface water), the residence times quoted
would have to be increased by 30 years in the
North Atlantic and 70 years in the South At-
lantic.

The steady-state rate at which carbonate
sediments would have to be dissolved and/or
exchanged in order measurably to alter the C*/
C* ratio in near-bottom water masses is pro-
hibitively large, exceeding the average rate of
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TABLE 5. Mean Residence Time Estimates for Subsurface Water Masses of the Atlantic
Ocean (subject to validity of assumptions stated in text)

C14 Results on

Samples from within Mass

Estimated
Pre-Industrial

. Index No. of Revolution
Samples Used in AC! Value for

Average

Location and Depth ACY, % No. %

8.D,, 8B.E,

M,
years

Calculation of Source Area,
%o Averages %o

North Atlantic
15°-30°N, 200-400 m
North Atlantic
°-25°N, 800-1100 m
Western North Atlantic
10°-40°N,
1200-2400 m
Central Atlantic
0°-40°W, 20°8-25°N,
1400-2000 m
North Atlantic Deep
Water 40°8-35°N,
2500-4000 m
North Atlantic Bottom
Water 23°—40°N,
Western Basin,
>4000 m
North Atlantic Bottom
Water 15°-25°N,
Eastern Basin,
>4000 m
South Atlantie
30°-0°8, 200-400 m
South Atlantie
40°-0°8S, 500-1200 m
South Atlantic
40°8-20°S,
1500-2200 m
Antarctic Bottom Water
35°-0°8, >4000 m

-7 3 4

—99 8 +£11

-T2 8 +16

—104 7 X8

—105 15 +11

—104 (—100)f 16 +13

—127 (—-123)1 3 £8
—61 6 £12

—118 6 +17

—130 3 12

—144 3 =+10

+4 52-54 —-35+7 300+ 70

+4 65-72 —28 £ 9 640 + 90

+6 80-84, 87-89 —28 £ 9 380 + 100

+3 90-96 —-284+9 690 + 90

£3 100-114 —28 + 9 700 + 90*

+3 115-127,130,131 —28+9 690 &+ 90

+5 129,133, 134 —28 + 9 920 + 100

+5 57, 58, 60-63 —46 £ 8 <250

+7 73-78 —90 + 20 <350*

+7 97-99

+6 135-137 —113 4+ 15 <350*

* These averages represent the cores of well-defined water masses; NADW, AAIW, and AABW,
t Corrected for the contribution of AABW (based on estimates given by Waist, 1957b).

accumulation of earbonate oozes. Deep sea cores
show no evidence of large-scale carbonate solu-
tion, and the possibility of sufficiently rapid ex-
change between the carbonates in the sediments
and the overlying water is excluded by the fact
that the C*-age and O*-temperature records are
preserved in deep sea carbonates. From these
and numerous other lines of evidence it can be
shown that the presence of carbonate sediments
cannot measurably influence the residence time
computed for the overlying water mass. In red
clay areas carbonate falling from the surface is
presumably redissolved before or soon after

reaching the bottom. In this case the CO, added
to the water through carbonate solution may
well be higher in C* than the water itself. Using
an addition rate comparable to the sedimenta-
tion rate of carbonate in globigerina ooze areas
{(~ 1 g/em?/1000 yr) and assuming that the
dissolved carbonate is mixed throughout the
lower 100 meters of ocean water, the addition
per 100 years would be equivalent to 5.0 per
cent of the total CO. already present in the
water. If this is the case the contribution to the
apparent age of the water from this source is
negligible.



2022 BROECKER, GERARD, EWING, AND HEEZEN
|
ATM
Tc02=7 YRS.
* ‘LAZ
? Ao ' = s
Tos. =30 YRS ]
L0z = BYRS, Ry
5
A
N A
T R
A
c
T < -t |
P.+ LDW. | R ADMW, Rl €
Tps.= 800 YRS. ¢ Tps.= 650 YRS.
Tco, 800 YRS. = Tco,= 650 YRS.
i [Tos =60 T =40 VRS
[Tc0,=70 [Tco, =30YRS

Fig. 6. Model of steady-state CO. cycle in the atmosphere and oceans. The numbers in the upper
left-hand corner of each box identify the reservoir. The arrows indicate possible modes of transfer be-
tween reservoirs, and the letters show the rates of transfer. The CO; and DS (dissolved solid) mean
residence times differ because significant quantities of CO. are transferred through the atmosphere.

In the case of the samples from the cores of
the NADW, AAIW, and AABW, complications
resulting from mixing at depth are at a mini-
mum. For the other entries in Table 5 the pos-
sible effects of mixing must be considered. For
example, in the case of the central water sys-
tems, where vertical temperature gradients sug-
gest mixing of water of more than one source,
it is possible that ages computed in the above
manner are in error. Thus, as suggested by
Bowen and Sugihara [1960], the 300 year age
computed for the NACW may be too great. The
low AC* value could, as they propose, be the
result of mixing with the underlying low ACY
NADW mass. Certainly the natural radiocarbon
method is more valuable in the study of deep
water masses than in the study of near-surface
masses where mixing is serious and where nat-
ural radioactive tracers of shorter half-life or
man-made radioactive tracers may be used.

Mixing between the NADW and the AABW
poses a problem” when bottom water samples
from the Atlantic are analyzed. From potential
temperature and salinity data Wiist [1957b] es-
timated the relative proportions of each type of
water at various locations in the Atlantie. Us-
ing Wiist's estimates the results for bottom

samples primarily of North Atlantic origin have
been corrected for the decrease in C*%/C® ratio
introduced by the admixture of AABW. These
corrections range from 2 to 5 per mil with one
(index No. 128) as high as 8 per mil. As shown
in Table 5, correction for the contribution of
AABW changes the bottom water averages in
both basins by only 4 per mil,

The validity of the second as well as the first
assumption depends on how close the ocean is
to steady-state circulation. Discussion of this
point will be deferred to a later section of this
paper.

If the ocean is at steady state it should be
possible to construct a ecirculation model con-
sistent with oceanographic evidence which will
yield the observed distribution of C* in the
ocean-atmosphere system. Such models have
been discussed by Arnold and Anderson [1957],
Suess and Revelle [1957], Craig [1957a], Bran-
non, Daughtry, Perry, Whitaker, and Williams
[1957]. The present model is designed to incor-
porate more details of the system than could
be handled by the three-layer (atmosphere,
surface ocean, deep ocean) models used by the
above authors without greatly increasing the
number of unknown parameters. As is shown in
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TABLE 6. Parameters Defining Reservoirs for Steady-State Ocean-Atmosphere Model
Lati- Depth Surface CO.
Reservoir Reservoir tude Range, Area, Content, ACH,
No. Name Range meters meter? moles %o
1 Atmosphere Entire Entire 360 X 10 57 X 1015 0
2 Pacific + Indian
Surface Water <50°S <100 220 X 10t 50 X 10t -32
3 South Atlantic
Surface Water  50°S-5°N <100 40 X 10 9 X 10
4 North Atlantic
Surface Water 5°N-55°N <100 40 X 102 9 X 10 -35
5 Pacific 4+ Indian
Deep Water <50°8 >100 e 1980 X 101 —200*
6 Antarctic >50°8 Entire 45 X 102 420 X 10t eee
7 Atlantic Deep
Water 50°8-55°N >100 . 655 X 10w —104
8 Arectic >55°N Entire 15 X 101 40 X 10 .
T Reservoirs 2-8 Entire Entire 360 X 10w 3220 X 10w —160

* Based on results given by Rafter and Fergusson [1958), and Suess, Rakestraw, and Oeschger [1959] and
on two results obtained at Lamont on deep water samples collected by the University of Washington

south of the Aleutians (ACH

Figure 6, the ocean has been divided into seven
internally homogeneous reservoirs. Mixing be-
tween the reservoirs proceeds only as is indi-
cated by the arrows. The Atlantic Ocean is
characterized by a northward transfer of sur-
face water from the Antarctic to the South At-
lantic to the North Atlantic to the Aretic, bal-
anced by a return flow from the Arctic to the
Antarctic through the NADW system. The At-
lantic deep water masses of Antarctic origin are
considered to be part of the Antarctic reservoir.
Because only limited data are available for the
Pacific and Indian oceans a simple two-fold di-
vision has been made—one surface and one deep
water reservoir. Mixing across the main thermo-
cline in the North and South Atlantic and Pa-
cific-Indian surface reservoirs is assumed to be
negligible, the deep water masses being fed from
vertically mixed reservoirs at the extremes of
the ocean. Transfer from the Pacific to the
Arectic reservoir through the Bering Strait is as-
sumed to be negligible. Transfer of CO, from
the ocean to the atmosphere is assumed to oceur
at a uniform rate everywhere. The locations and
depth ranges are tabulated for each reservoir
(Table 6).

At steady state the AC" values for the
various reservoirs are governed by the follow-
ing equations:

—233 4 7and —210 £+ 9).

AC14 _ A 14
‘( 1 1000C ARR ) = NT: + T
+ T+ T5+ T+ 17+ Ty
14
X (1 + A1(03001) Reservoir 1
ACY, — AC“Z) (Ac“6 - AC“Z)
LA?( 1000 + R 1000
A 14
= Tz)\(l + 1(3)02) Reservoir 2
ACH, — AC“a) (AC“., — AC"S)
LA”( 1000 T B 1000
14
= Ta)\(l + f(ﬁ)oa) Reservoir 3
ACH, — AC“4) (AC“a - AC“4)
LA‘( 1000 + B 1000
ACM4
=T\N1+ 1000 Reservoir 4
R (ACM° _ AC“,;)
3 1000
14
= Ts)\(l + f&os) Reservoir 5
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ACH, — AC“.;) R (Ac“‘2 — Ac“e)
2

L A"( 1000 1000

AC“5 _ AC“‘;)
+ R*‘( 1000
A0147 _ AC“G)
+ R‘( 1000
14
= T.,)\(l + %) Reservoir 6
R (Acus _ AC“-,)
! 1000
14
= T,)\(l -+ f(ﬁ)(;) Reservoir 7
AC]Al — Acl48) (AC'M4 — ACI48)
LA"( 1000 + B 1000

AC™
—s) Reservoir 8

1000

where L is the rate of exchange of CO, between
the atmosphere and surface ocean (in moles
COs/metert/year), 4; is the area a given reservoir
exposes to the atmosphere (in meter?), T, is

BROECKER, GERARD, EWING, AND HEEZEN

the quantity of CO; contained in a given reservoir
(in moles CO;), R; is the rate of transfers of
CO. from one reservoir to another (in moles
COy/year), and \ is the decay constant of Cu
(in years™).

Of these eight equations seven are linearly
independent, allowing seven unknowns to be
determined (L, R., R), R, ACY,, ACl, and
ACt4), The values selected for the other param-
eters appearing in the equation are given in
Table 6. The values computed for the unknowns
are given in Table 7. The value of L is inde-
pendent of the arrangement of the reservoirs
or the mode of mixing between them. It depends
only on the average C4/C* ratio of ocean water,
ACt4y, and the difference between the average
C!¢ concentration in atmospheric and surface
ocean CO,. Since the difference between ACH,
and ACH, gy is known to an accuracy of perhaps
25 per cent and since AC'p is known to an
accuracy of about 10 per cent, the estimate of
L should be uncertain by no more than 30 per
cent. The result confirms similar estimates of
this parameter obtained by Craig [1957a] and
is also in satisfactory agreement with the value
of 5 moles/m?/yr obtained by Broecker and
Walion [1959b] for four closed basin lakes in the

TABLE 7. Comparison of Results of Steady-State Model Calculations with Independent Estimates

Value Based Independent
Parameter Description on Model Estimate Method
ACH, Ct4 concentration in South —65 %o —46 %o* Direct
Atlantic Surface Water measurement
ACY, C14 concentration in the —120 %, —113 %o* Direct
Antarctic reservoir measurement
ACYH, Ct¢ concentration in the —30 % —28 %o* Direct
Arectic reservoir measurement
L g{c:;;;;gngggghm o 4 7 oles CO, moles CO,t Inland lakes
m? yr m? yr
R, Rate of transfer between Surface
reservoirs in Atlantic 1.0 X 10 M 0.4 X 10 moles COat current
e E'ycle  oxch . yr yr measurement
73 ate of exchange between
P. 4 I. Surface Water and 1.6 X 10w moles CO:
Antarctic yr
R, Rate of exchange between
P. + I Deep Waterand 2.5 x 10w 20108 €O
Antarctic yr
* See Table 4.

t Broecker and Walion [1959b] and Broecker and Olson [in press].
1 Based on net northward rate of surface water transport given by Sverdrup, Johnson, and Fleming [1942].
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Great Basin region of the United States. The
latter estimates are based on the steady-state
Cu concentration in the lake-river systems.
Independent confirmation has been obtained in
one case (Great Salt Lake) on the basis of the
rate of uptake of bomb-produced C* [Broecker
and Olson, in press]. The higher value for the
mean ocean probably reflects a higher degree
of surface agitation and hence mixing.

The A“ values predicted by the model for
the Antarctic and Arctic are, as shown in Table
7, in good agreement with estimates based on
direct measurements in these areas (see Fon-
selius and Ostlund [1959], Rafter and Fergus-
son [1958], and this paper). The disagreement
between the predicted and measured values for
the South Atlantic could well indicate back-mix-
ing from the North to the South Atlantic sur-
face system. Agreement could be achieved by
superimposing an exchange rate between these
reservoirs of about 1.0 X 10 moles CO,/yr on
the net northward transfer rate of 1.0 x 10*
moles CO,/yr. Since the one-way mixing eycle
adopted for the Atlantic is certainly an over-
simplification, a more adequate model would
have to take into account back-mixing between
each pair of reservoirs. Too many additional
parameters are required for any realistic esti-
mates of the magnitude of these effects to be
made,

2925

It is of interest to compare net rates of north-
ward transport based on oceanographic data
with that of 1.0 X 10® moles CO, per year pre-
dicted by the steady-state model. Sverdrup,
Johnson, and Fleming [1942] gave an estimate
equivalent to 0.4 X 10" moles CO, per year for
surface currents, and Wiist [1957a, 1957b] gave
a value equivalent to 0.8 X 10" moles of CO,
per year for the upper 200 meters in the South
Atlantie.

From these results the mean residence times
for both CO. and dissolved solids (DS) in the
various reservoirs can be computed. The resi-
dence times given in Figure 6 are computed by
dividing the total amount of CO, (or DS) in the
reservoir by the rate at which CO, (or DS) is
being added to the reservoir. It is assumed that
atmospheric transfer of dissolved solids is negli-
gible compared with oceanie transport.

Assuming steady state, Stommel [1957b] cal-
culated, on the basis of estimates of the quan-
tity of water transported by the Western
Boundary Current and by the Antarctic Bottom
Water, that the mean residence time for water
below 2000 meters should be about 500 years.
This estimate agrees favorably with that based
on the C* data.

It is of interest to note that, whereas the C*/
C® ratio for much of the deep Pacific is about
100 per mil lower than that for the NADW, the

TABLE 8. Comparison of Oceanie Tritium Concentrations Predicted on the
Basis of the Steady-State Model with Measured Values*

Steady-State Tritium
Cone. (predicted if

Reservoir No. production rate =

Steady-State Tritium
Cone. (predicted if
production rate =

Steady-State Tritium
Concentration

(see Fig. 6) 0.5T/cm?/see), T.U. 1.5T/cm?/sec), T.U. (measured), T.U.

2 0.4 1.1 1.2 (2)8.D. = .4
3 0.2 0.6 e

4 0.3 1.0 1.2(11)8.D. = .4
5 0.7 X 103 2 X 1073

6 0.03 0.1 e

7 3 X 108 10 X 102 <0.1(3)

8 0.1 0.4 ves

* Assumes tritium production rate such that between 0.5 and 1.5 tritium atoms/cm?3/sec reach the earth’s
surface (this range includes the estimates made by Begamann and Libby [1957] (1.0 T atoms/cm?/sec),
Craig [1957a] (1.2 £+ .5 T atoms/cm?/sec), Giletli Bazan, and Kulp [1958] (.75 & .4 T atoms/cm?/sec),

Bolin [1958] (.9 £+ .2 T atoms/em?/sec).

1 Based on data published by Giletti [1958] and by Begamann and Libby [1957] (all samples included

were collected before March 1954).
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computed residence time is only slightly larger.
This is true because the source for the deep
Pacific has approximately a 90 per mil lower
C*/C" ratio than that for the NADW.

One potential test (first suggested by Craig
[1957b]) is to determine whether the distribu-
tion of natural tritium in the oceans is consistent
with the rates of mixing fixed by the C* dis-
tribution. Because no wide coverage of the tri-
tium concentration in the ocean is available for
the period prior to the onset of large-scale
bomb-production of tritium (March 1954), the
comparison is made as follows. Using extreme
values of 0.5 and 1.5 T atoms/ecm®/sec for the
rate at which tritium is added to the tropo-
sphere (based on the estimates given by Bega-
mann and Libby [1957], 1.0 T atoms/cm®/sec;
Craig [1957b], 12 T atoms/cm®/sec; Gilett,
Bazan, and Kulp [1958], 0.75 T atoms/cm®/sec
and Bolin [1958], 0.9 == 0.2 T atoms/cm®/sec),
an upper and lower Limit for the tritium con-
centration in the various oceanic reservoirs can
be made. Three assumptions are required: (1)
of the total tritium added to the troposphere,
90 per cent ultimately reaches and decays in the
oceans; (2) tritium is added to the ocean in a
geographically uniform manner; (3) the tri-
tium cycle was at steady state prior to 1954.

The results of this ealculation are given in
Table 8 along with averages of the existing
data. For both the North Atlantic and the Pa-
cific-Indian surface reservoirs the measured
values fall just beyond the allowed range. Be-
cause of the uncertainties in the production rate
and in assumptions 2 and 3, the agreement may
be considered satisfactory, suggesting that the
thicknesses and residence times of water in the
surface reservoirs are realistic.2

2Since the preparation of this paper, Craig
and Lal (private communication) have suggested
that the tritium production rate is actually as low
as 0.35 T atoms/cm?/sec. If this is the case, it is
difficult to explain the high concentrations of
tritium found in the surface ocean by Begamann
and Libby [1957]1 and by Giletts, Bazan, and Kulp
[1958]. The lack of agreement between the pro-
duction rate estimates and the surface inventories
is made far worse if vertical mixing between the
surface and central waters is as rapid as would
be suggested by Bowen and Sugthara’s [1960]
Sr* data. The uncertainties introduced by these
recent developments remove the value of tritium
data as a check on the circulation model proposed
here.
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A second independent test of the model is
to compare the measured reduction in the C*/
C*" ratio in atmospheric CO. resulting from the
addition of fossil CO, to the system with the
reduction predicted by the steady-state model.
The predicted decrease is based on the estimates
of fossil CO. production given by Suess and
Revelle [1957] for 10-year periods beginning
in 1860 and on the following assumptions: (1)
the excess CO. added to the system does not
measurably (=10 per cent) alter the transfer
rate of CO, between the ocean and atmosphere;
(2) the CO, in the atmosphere equilibrates iso-
topically with the living terrestrial biosphere
within a few years but does not equilibrate
measurably (=10 per cent) with the humus of
terrestrial soils in the time available (~30
years). Because the seven simultaneous differ-
ential equations involved in this calculation are
not readily solved, the calculation has been car-
ried out numerically. The rate at which C“
added instantaneously to one reservoir (the at-
mosphere) mixes into the other reservoirs is
first determined. The fossil CO, may be con-
sidered a series of negative C* spikes added to
the system at various times between 1860 and
1955. The degree of mixing of each of these
spikes can then be determined for any given
time after addition. The sum of the contribu-
tion of each spike yields the net effect in a
given reservoir for any given time between
1860 and 1955. The results are plotted in Figure
7 along with the best estimate of the actual re-
duction based on C* measurements on tree
rings [Suess, 1955; Brannon, Daughtry, Perry,
Whitaker, and Williams, 1957; Fergusson,
1958; Munnich and Vogel, 1958; Hayes, An-
derson, and Arnold, 1955]. Whereas Fergusson’s
data appear to be the most definitive, the con-
sistently higher estimates obtained by the other
authors have been given weight by increasing
all Fergusson’s reduction estimates by 25 per
cent. The double arrow in the diagram repre-
sents the uncertainty in the estimates based on
tree ring data. The curve for no exchange be-
tween the fossil CO; and the carbon of reser-
voirs other than the atmosphere is given for
comparison. Whereas the predicted curve yields
a somewhat greater reduction than has been
observed, the two estimates are sufficiently close
so that the difference could result from errors
in the assumptions (particularly the one con-



NATURAL RADIOCARBON IN THE ATLANTIC OCEAN

2927

AC% ATMOSPHERE
w0 [-J
+—F

]
o
1

150-

! ! 1 1

________ ——__TREE RINGS

BEST FIT OF
C'*DATA ON

—
——
~
~—

§\§i‘
PREDICTION

BASED ON MODEL

NO EXCHANGE
WITH OCEAN
OR BIOSPHERE

1 ! | |

1870 1680 1890 1800

L
1910 1920 1930 1940 1950

YEAR

Fig. 7. Changes in the C*/C* ratios of atmospheric CQs resulting from dilution with industrial CO;.
The dashed curve is based on the 25 == 10 per mil reduction suggested by tree ring data (see text), and
the upper solid curve is based on CQ. production estimates and the steady-state model. The double
arrow indicates an estimate of the uncertainty in the experimental curve.

cerning the exchange with the humus reservoir)
rather than weaknesses in the steady-state model.
Again the thickness of and residence time of
water in the surface reservoirs largely control
the predietion.

Bolin and Eriksson [1959] recently made a
similar prediction of the effect of fossil CO, on
the C1/C ratio in atmospheric CO. by using
the three-layer model referred to above, Selecting
values of their parameters 7, and 7p.m
corresponding to a ACgw!4 of —43 per mil and
a ACy!4 of —160 per mil, the predicted decrease
in atmospheric C!4/C»* ratio would be about
6 per cent in 1954 compared with about 4 per
cent based on the more complex model used
in this paper. The reason for this difference is
not apparent. -

The deep water masses act as infinite reser-
voirs for both radiocarbon and tritium. In one
case more than adequate amounts of C* can
be returned to the atmosphere without altering
the C*/C® ratio of the deep reservoirs, and in
the other case all the tritium in the system
could be added to the deep water reservoirs
without creating a significant return flux to the
surface.

A potential third test of the model would
be to observe the distribution of bomb-produced

C" in the system. Again the test will be mainly
on the characteristics of the surface water res-
ervoirs. Whereas up to 1958 the magnitude of
the bomb effect in the oceans was so small that
precise experimental estimates were not ob-
tained, Broecker and Olson [in press] have
shown that the results obtained are consistent
with the increase predicted by the model. Within
a few years the effect will be of such magni-
tude that precise measurement will be possible.

Besides the tests provided by the distribution
of tritium and the fossil CO; effect, the case for
the steady-state model is to some extent forti-
fied because certain features of the C* distri-
bution itself can be predicted. The rather low
AC* values obtained for Antarctic surface water
samples are a natural result of the continual
addition to this reservoir of low C* water from
the Atlantic and Pacific-Indian deep reservoirs
to the vertically mixed Antarctic reservoir. Al-
though more tenuous, the increase in AC* from
the Antarctic to the South Atlantic to the Carib-
bean to the North Atlantic to the Aretic can be
explained by progressive equilibration with the
atmosphere as water is transported from south
to north along the Atlantic surface. The Arctic
reservoir could well show a reversal in this
trend if a major portion of the water re-
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TABLE 9. Distribution of C!* in the Ocean-At-
mosphere System if the Oceanic Mixing Rates (R;)
Were Double or Half the Computed Values (L is

held constant.)

Predicted Predicted
Observed ACH if ACH if

Reser- ACH, R/ = 2R;, R, = iR,

voir %o %o

1 0 0 0
2 -32 —32 —20
3 —46 (—65)* —66 —49
4 —35 —45 -18
5 —200 —145 —280
6 —113 (—120)* —90 —135
7 —104 -85 —155
8 —28 (—30)* —-50 -21

* Estimates based on model.

turning to the surface from the Atlantic deep
water system were returned to this reservoir
instead of to the Antarctic. The higher Arctic
value obtained by Fonselius and Ostlund [1959]
(see Tables 2 and 4) thus lends support to the
‘eycle’ pattern for the Atlantic circulation as
opposed to the ‘exchange’ pattern for the Pa-
cific circulation.

Since with the exception of L no errors are
attached to the estimates of the rates deter-
mined on the basis of the model, it is of interest
to examine the sensitivity of these unknowns
to the parameters selected. One way to ap-
proach this problem is to compare the steady-
state AC* values predicted by the model if the
three rates (R,) were twice (or half) the values
given in Table 7 with the observed AC* values.
This has been done in Table 9. The results have
been normalized so that the atmospheric AC*
value is zero in each case. The absolute C*/C*
ratio in the atmosphere would be 7 per cent
lower than it is at present in the first case and
8 per cent higher in the second. Inspection of
these results indicates that if the rates were
changed by 50 per cent, a significant deviation
between the measured and computed AC* values
for reservoirs 5, 6, and 7 would exist.

Tt is also necessary to consider the sensitivity
of the model to changes in the thickness of the
mixed layer. It is possible that the Central Wa-
ter systems should at least in part be included
in the mixed layer rather than entirely in the
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deep reservoirs. In this case the effective thick-
ness of the surface reservoirs could be as great
as 300 meters. As L is independent of the oce-
anic mixing model selected, it remains un-
changed. Examination of the steady-state equa~
tions shows that R,, B., R, %, %, and %; are
also essentially independent of this depth. The
mean residence times given in Figure 6 for the
surface reservoirs (2, 3, and 4) become three
times as great. This results in a change from a
predicted value of 35 per mil for the industrial
CO, effect to a value of approximately 22 per
mil. In the case of the tritium concentrations it
would reduce the predicted values by a factor
of slightly more than 2 for both the North At-
lantic and Pacific surface water reservoirs. Thus,
increasing the depth of the surface reservoirs
brings the predicted and observed industrial
effects closer together but drives the predicted
and observed tritium concentrations farther
apart. C* data from future bomb tests should
be very useful in this respeect, as it will provide
a third independent test.

Although the steady-state model given here
incorporates only the gross features of large-
scale circulation, it may prove useful in certain
types of investigations. The rate of mixing of
bomb-produced C* with oceanie CO,, the rate
of oxygen consumption in the deep ocean, the
uptake of industrial CO. by the oceans, and
the rate of interoceanic mixing are examples
of problems which require a model of this type.
Because of the restriction to problems involv-
ing time scales of more than 100 years, the nat-
ural radiocarbon method is far better suited to
these large-scale problems than to detailed stud-
ies of mixing within a given local reservoir.

Nonsteady-state models. If mixing within
the oceans occurs discontinuously on a time
scale of tens to hundreds of years, results based
on steady-state assumptions could be seriously
in error. As an example a hypothetical case is
demonstrated in Figure 8. It is assumed that the
ocean mixes very rapidly during alternate 100-
year periods. During the intervening 100-year
periods no mixing occurs between the water
above and below 100 meters in the ocean. The
exchange rate between the atmosphere and the
surface of the ocean is assumed to be unaltered
by the factors causing the oceanic mixing rate
to change. As shown in the figure, the atmos-
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Fig. 8. A hypothetical example of the effects of
nonsteady-state mixing on the distribution of C*
in the ocean-atmosphere system. One-hundred-year
periods of very rapid oceanic mixing are separated
by 100-year periods during which no mixing occurs
between the upper 100 meters of the ocean and the
deep sea. The distribution of C* at ¢ = O corre-
sponds roughly to that of the present (corrected
for industrial COs and bomb-produced C*).

phere and surface oceans undergo large changes
in AC* while the deep oceans show little change.
The gradual rise in AC* during the isolation
period is the result of storage of newly produced
C* in the relatively small atmospheric and sur-
face ocean reservoirs, The sharp fall at the on-
set of mixing is the result of the transfer of this
C" into the much larger deep ocean reservoir.
Note that the zero on the AC* scale is placed
1756 per mil above the oceanic average cor-
responding to the present atmospheric value
(corrected). Thus if the oceans were mixing
in this hypothetical manner the present distri-
bution would correspond to ¢ = 0 on the time
scale of the figure.

The importance of this example is that it
demonstrates the sensitivity of the atmospheric
AC*" value to changes in oceanic mixing rates.
As pointed out by Broecker [1957] and by
deVries [1958], measurement of the C“/C*
ratio in tree rings of known growth date (pro-
viding estimates of the AC* value of the at-
mosphere at times in the past) should place
limits on the extent of nonsteady-state mixing
in the oceans.

Measurements available to date [deVries,
1958; Ostlund, 1957; Munnich and Vogel,
1958; Broecker, Olson, and Bird, 1959;
Willis, Tauber, and Munnich, 1960] indi-
cate that the atmospheric C*/C" ratio has
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Fig.9. Steady-state AC* values for atmospheric
COQ, as a function of the transfer rate adopted for
the oceanic mixing model. The three oceanic mix-
ing rates are assumed to change by the same frac-
tion. The maximum range of observed variations
in the AC* value for the atmosphere over the last
1000 years is indicated by the vertical arrow and
the corresponding maximum range of transfer rates
by the horizontal arrow.

remained within 25 per mil of its 19th cen-
tury value during the past 1000 years. There is
a strong suggestion that real cyclic variations
have occurred within these limits. Since part
or even all of the observed variation could be
the result of variations in the production rate
of C*, no definite conclusions regarding oceanic
circulatipn variations can be made. It is possible,
however, to place an upper limit on the amount
of large-scale nonequilibrium -circulation that
has oceurred over the past 1000 years. As shown
in Figure 9, in order to produce the range of
observed variations in atmospheric AC*, the
rates R,, R;, and R, in the steady-state model
would have to be varied only about 30 per cent
on either side of the present values (assuming
that the three rates undergo the same frac-
tional change). It should be emphasized that,
whereas the atmosphere is a sensitive indicator
of large-scale variations In oceanic circulation
rates, large changes in the rate for one local
reservoir would not be detectable by this ap-
proach,

Summary. Although tree ring data suggest
that the average turnover rate for the ocean
has been relatively constant during the past
1000 years, it is not possible to state with any
certainty whether any given local reservoir is
at steady state. Because of the small volume
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of the Atlantic Ocean compared with that of
the Pacific and Indian Oceans it could well be
considered a local reservoir. Thus it is entirely
possible that part of the difference in the AC*
values of surface and deep water in the At-
lantic is the result of storage of newly pro-
duced C* in the surface layers (Fig. 8) rather
than to radioactive decay, as was assumed in
the steady-state calculations. In this sense the
steady-state estimates represent upper limits on
the deep water residence times.

Conclusions. The results presented in this
paper clearly demonstrate the value of the ra-
diocarbon method in oceanographic studies.
When used in conjunction with the proper oce-
anographic information and with other isotope
data (H?, 8i*, Ra™, 8r™, . . .), C* data will
provide estimates of the large-scale mixing rates
within the ocean. As many questions remain
unanswered, the time estimates given here must
be considered tentative. Perhaps the main value
of the paper is that it (1) provides a broad
base for more detailed future investigations,
(2) demonstrates to some extent the potential-
ities as well as the limitations of the natural
radicarbon method in studies of oceanic circu-
lation, and (3) points out some of the main
problems requiring solution before more reliable
time estimates ean be made.
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